to a targeted energy and corresponding displacement force profile. For example, structures featuring multiple local energy minima displacement profiles act as metastable geometric traps. Switching between the trap states involves only minimal frictional resistance and virtually zero wear. The mechanical transition between local minima can be realized by different means such as mechanical, electrostatic, and magnetic actuation or by a thermal gradient mechanism (27). Multiple energy minima positions are obtained, for example, in a dumbbell structure (Fig. 4, C and D) . The AFM tip is used to first induce a glide plane defect and then direct the mobile upper part from the initial energy minimum position (Fig. 4C, left  inset) to the other local energy minimum position where the cylindrical sections overlap (Fig.  4C, right inset) . After actuation, the tip is released from the metal surface by applying a negative load of >200 nN, and the actuated mesa is imaged in the tapping mode. Note that the glide plane surface of the fixed bottom mesa is clearly visible in the AFM image. Adhesion guiding combined with ultralow-friction properties can also be exploited for stabilizing rotational structures ( fig. S1 ) and thus provides a versatile engineering platform for nanoscale devices in general.
26. P. San-Jose, R. V. Gorbachev, A. K. Geim, K. S. Novoselov, F. Guinea, Nano Lett. 14, 2052-2057 (2014 The remarkable performance of hybrid perovskite photovoltaics is attributed to their long carrier lifetimes and high photoluminescence (PL) efficiencies. High-quality films are associated with slower PL decays, and it has been claimed that grain boundaries have a negligible impact on performance. We used confocal fluorescence microscopy correlated with scanning electron microscopy to spatially resolve the PL decay dynamics from films of nonstoichiometric organic-inorganic perovskites, CH 3 NH 3 PbI 3 (Cl). The PL intensities and lifetimes varied between different grains in the same film, even for films that exhibited long bulk lifetimes. The grain boundaries were dimmer and exhibited faster nonradiative decay. Energy-dispersive x-ray spectroscopy showed a positive correlation between chlorine concentration and regions of brighter PL, whereas PL imaging revealed that chemical treatment with pyridine could activate previously dark grains.
A s active layers in solar cells, organic-inorganic perovskites (1, 2) combine the promise of solution processing (3, 4) with the ability to tailor the band gap through chemical substitution (5-7), yielding solar cell power conversion efficiencies as high as 20.1% (8) . Concomitant with their photovoltaic performance, perovskites also exhibit high fractions of radiative recombination, with apparent carrier lifetimes of 250 ns or longer (9, 10) , and are challenging the dogma that solution-processed semiconductors inevitably possess high densities of performancelimiting defects. Ensuring that all recombination is radiative is critical for approaching the thermodynamic efficiency limits for solar cells and other optoelectronic devices (11) .
Carrier recombination lifetimes measured by photoluminescence (PL) are commonly taken as a hallmark of perovskite film quality, with longer decay lifetimes used as indicators of betterperforming materials (9, 10, (12) (13) (14) . Carrier recombination kinetics have been described as a combination of trap-assisted, monomolecular (firstorder), and bimolecular (second-order) recombination (15) . Although most studies agree that radiative bimolecular recombination dominates at high initial carrier densities (n 0 > 10 17 cm −3 ) (15-18), reports of kinetics at lower excitation densities (and relevant to solar cell operation) (19) range from single-exponential (12, 20) , to biexponential (13, 14) , to stretched-exponential (6, 9) functions with varying levels of fidelity. These distributions have in turn been explained in terms of unintentional doping (21) or charge trapping (22) . The perovskite growth conditions (3, 4, 10) and post-deposition treatments (12, 23) can greatly alter film morphology, carrier lifetime, and device performance, yet the underlying relations between these parameters are important open questions. For instance, perovskite films grown from nonstoichiometric mixed halide (Cl/I) precursor solutions have exhibited lifetimes of hundreds of nanoseconds, but PL lifetimes in films grown from chloride-free precursors are generally much shorter (9, 20) .
Correlated confocal PL and scanning electron microscopy (SEM) have been a powerful tool to reveal structure/function relationships in biology (24) . We applied similar techniques to study structure/function relationships in perovskite films. We found substantial local PL heterogeneity even for CH 3 NH 3 PbI 3 (Cl) films with average lifetimes of~1 ms (comparable to the longest lifetimes reported) (9, 10), which suggests that considerable SCIENCE sciencemag.org scope remains for reducing nonradiative recombination in these films. In addition to observing entire grains that appear dark, we also observed that grain boundaries are associated with PL quenching, indicating that they are not as benign as has been suggested previously (25, 26) . We further used PL microscopy to show that postdeposition chemical treatments can activate previously dark regions in the film, and we correlated local energy-dispersive x-ray spectroscopy (EDS) with confocal fluorescence maps, finding that brighter grains with longer lifetimes were associated with local spikes in Cl concentration.
We studied CH 3 NH 3 PbI 3 (Cl) films prepared on glass slides by spin-coating a nonstoichiometric mixed halide precursor solution composed of CH 3 NH 3 I and PbCl 2 (3:1) in N,N-dimethylformamide (19, 27) . Films prepared under identical conditions and incorporated into standard solar cell device architectures ( fig. S1 ) (19) exhibit power conversion efficiencies (h) up to 14.5% (Fig. 1A) , which is comparable to efficiencies in other reports using this architecture (2, 28) . Figure 1B shows that our PL lifetimes are as long as those reported for films used in the best devices to date (10) . These films exhibited average carrier lifetimes >1000 ns when excited at low intensity (30 nJ/cm 2 , n 0~1 0 15 cm
). At short times (Fig.  1B, inset) , the PL decay could appear nearly singleexponential, but at longer times, the decay deviated from a single-exponential decay (6, 9, 15) . We fit the decay in Fig. 1B with a stretchedexponential function of characteristic lifetime t c = 431 ns and distribution parameter b = 0.57, which we interpret as arising from a superposition of exponential relaxation functions (see below) with an average lifetime of <t> = 1005 ns (19, 29) .
Green and co-workers recently examined microscopic PL quenching of discontinuous perovskite islands with n-and p-type capping layers (30) . Here, we used fluorescence microscopy to probe the inherent decay properties of neat semiconducting films. Figure 1 shows a correlated SEM micrograph (Fig. 1C) , confocal PL image (Fig.  1D) , and an overlaid SEM/PL microscopy image (Fig. 1E ) of a high-performing perovskite film on a glass substrate. Although this film appears contiguous (Fig. 1C) and exhibits <t> = 1005 ns, Fig.  1D shows a large distribution in local PL intensity across the film. We observed these large distributions in films prepared in different research labs ( fig. S2D) (19) , and we exclude variations in film thickness ( fig. S2) (19) and photodegradation during imaging ( fig. S3) (19) as primary causes. The PL intensity not only varied from grain to grain, with roughly 30% of grains imaged in Fig.  1C consisting of dark grains (19), but we also observed~65% lower PL intensity at grain boundaries ( fig. S4 , A to C) (19) , after deconvolution of the microscope point-spread function ( fig. S5) (19) . These results are surprising because, through considerations of detailed balance (11, 31) , one expects high-performance films to have minimal nonradiative decay.
Instead, the spatial variations in PL intensity in the polycrystalline perovskite films are suggestive of variations in local nonradiative decay ), showing that dark regions require higher initial carrier densities to exhibit kinetics dominated by bimolecular recombination. Black traces are simulations to the data (19).
rates. By taking local steady-state and time-resolved PL data, we confirmed that darker regions have greater nonradiative loss. Figure 2 shows a confocal PL image ( Fig. 2A) along with local PL spectra (Fig. 2B ) and lifetime data (Fig. 2, C to E) from a film with a long average bulk lifetime (<t> = 1010 ns). Figure 2B shows the steadystate spectra of a bright (red square) and dark (blue circle) region. The PL spectrum collected at the dark region is both red-shifted (~2 nm) and slightly broader than the bright region ( fig.  S6) (19) . These trends suggest a less sharp band edge (32) , probably caused by the presence of defect states or shallow trapping levels in the darker regions. In Fig. 2 , C to E, we show local PL decays of the indicated dark and bright regions at low (1 mJ/cm 2 ), medium (2.1 mJ/cm 2 ), and high (3.4 mJ/cm 2 ) excitation fluences. Several studies have reported a transition from trapassisted monomolecular recombination to freecarrier bimolecular recombination over this fluence range (15, 18) . Consistent with the picture that bright regions have fewer nonradiative pathways, bright regions show a slower decay, a transition to bimolecular recombination-dominated kinetics at a lower excitation fluence, and more efficient PL quenching when contacted by fullerene ( fig.  S7 ) (19) in comparison to dim regions. We modeled the PL dynamics (black lines in Fig. 2 , C to E) as a combination of trapping, monomolecular, and bimolecular recombination (19) . We report a higher deep trap-state density in the dark region ) as compared to the bright region (<1 × 10 15 cm
−3
). In addition, we extracted the trapping, monomolecular, and bimolecular decay rates in both regions to be 1 × 10 fig. S8 ) for bright and dark regions (19) . The local PL lifetimes are also shorter at grain boundaries ( fig. S4E) (19) . Grain boundaries frequently serve as nonradiative recombination centers in polycrystalline semiconductor films (33) . Studies have suggested that grain boundaries in perovskites are less detrimental than in other semiconductors (25, 26) , or even beneficial (34) . Other results suggest that single-crystal perovskites exhibit even higher performance (35) (36) (37) , and some describe improvements in carrier lifetime and device performance from post-growth treatments, such as exposure of the film to pyridine (C 5 H 5 N), in the context of surface passivation (12, 23) .
In this context, we next show that pyridine vapor exposure can brighten dark domains. In Fig. 3 , A and B, we show the PL from a CH 3 NH 3 PbI 3 (Cl) film before and after exposure to pyridine vapor. The entire film was both brighter (~8× integrated over the entire image) and more uniform after pyridine exposure (no enhancement without pyridine, fig. S9 ) (19) . For instance, the relative increase of a dark domain (squares in Fig. 3, A and  B) , was 180% larger than the relative increase of a bright domain (circles). The PL emission also blue-shifted (by~3 nm) and narrowed slightly (Fig. 3C) after pyridine exposure, which could be caused by a reduction in shallow trap density. Finally, Fig. 3D shows that the grain boundary brightness, relative to the surrounding grains, increased by 11% and the width decreased by 25% after pyridine exposure (see fig. S10 for other examples) (19) . Both trends are consistent with passivation, albeit incomplete, of defects at grain boundaries. Although pyridine treatment can also result in some restructuring of film morphology ( fig. S10) (19) , these data suggest that pyridine was indeed remediating nonradiative defects in the perovskite film.
Finally, we explored the role of Cl in perovskite films by comparing SEM/EDS elemental composition traces with local PL intensity traces. Figure 4A shows an overlaid SEM/PL microscopy image of a CH 3 NH 3 PbI 3 (Cl) film on glass. We tracked the changes in PL intensity with Cl content (Fig. 4B ) and showed that bright regions correlate with areas of higher relative Cl content (Cl/Cl+I) (trace Cl in CH 3 NH 3 PbI 3 control films, fig. S11 ) (19) . Although films prepared from Cl/I mixed halide precursors stoichiometrically resemble triiodides (38) , there is evidence for residual Cl at levels of 2 weight % or less (13, 39) . The lifetime enhancement in the presence of Cl is consistent with recent findings that Cl-rich nucleation sites lead to better crystal coalescence (40, 41) and helps explain why films grown in the presence of Cl have slower recombination rates (9, 17) . We hypothesize that Cl could be present at the surface or within the crystals, interstitially or substitutionally, or simply at the substrate surface as a residual but unincorporated component left over from the seeding of low-defect crystallites. We performed time-of-flight secondary ion mass spectrometry (ToF-SIMS) ( fig. S11F) (19) Although perovskite solar cells have better radiative efficiencies than many other types, such as dye-sensitized, organic, or even cadmium telluride solar cells, they still suffer from greater nonradiative losses than inorganic materials such as gallium arsenide and are only at present approaching the radiative efficiencies of copper indium gallium selenide (CIGS) (31) . Our results identify a subpopulation of dark grains and grain boundaries as specific targets for perovskite growth and passivation studies, and show that local fluorescence lifetime imaging provides a route by which changes in film processing can be evaluated to assess their influence on carrier recombination in films. By removing these nonradiative pathways to obtain uniform brightness with high emissivity across all grains, it is likely that we will see the performance of perovskite devices approach the thermodynamic limits for solar cells and other light-emitting devices.
